In this article, aerosol size distributions retrieved from aerosol layer optical thickness spectra, derived from the 14-channel NASA Ames Airborne Tracking Sunphotometer (AATS-14) measurements during the ACE-Asia campaign, are presented. Focusing on distinct aerosol layers (with different particle characteristics) observed in four vertical profiles, we compare the results of two different retrieval methods: constrained linear inversion and a nonlinear least squares method. While the former does not use any assumption about the analytical form of the size distribution, the latter was used to retrieve parameters of a bimodal lognormal size distribution. Furthermore, comparison of the retrieved size distributions with those measured in-situ, aboard the same aircraft on which the sunphotometer was flown, was carried out. Results of the two retrieval methods showed good agreement in the radius ranges from ∼0.1 μm to ∼1.2-2.0 μm, close to the range of retrievable size distributions from the AATS-14 measurements. In this radius interval, shapes of retrieved and measured size distributions were similar, in accord with close wavelength dependencies of the corresponding optical thicknesses. Additionally, the effect of a size-resolved refractive index on the retrieved size spectra was investigated in selected cases. Retrieval using a constant refractive index pertaining to particle sizes within the range of retrievable size distributions resulted in a size distribution very close to the one retrieved using a size-resolved refractive index.
INTRODUCTION
Aerosol size distribution is, along with particle refractive index and shape, one of important parameters determining their optical properties, such as optical thickness, asymmetry parameter and single scattering albedo. It is highly variable in space and time due to the variability of sources (d'Almeida et al. 1991 ) and short lifetimes of aerosols. Furthermore, evolution of aerosol sizes by chemical and dynamic processes, such as condensation, coagulation, gas-to-particle conversion (Reid et al. 1998) , and particle growth due to water uptake at high relative humidity (Svenningsson et al. 1992) contribute to their variability, and consequently, to variability of the aerosol optical properties.
While aerosol size distributions can be measured in-situ, in different size ranges, using a variety of instruments (McMurry 2000) , they can also be derived from measured aerosol optical properties, such as the wavelength dependence of aerosol optical depth (King et al. 1978) , or backscattering (Ben-David et al. 1988) , or a combination of radiances scattered at different angles and optical depth spectra (Nakajima et al. 1996; Dubovik et al. 1995) . These approaches yield integrated size distribution in a vertical column of an atmospheric layer. As no interaction with particles is involved, retrieval of aerosol size distributions from their optical properties has the advantage of giving information on size distributions in ambient conditions. The retrieved size distributions can be used to calculate the column integrated aerosol optical properties, needed as an input into radiative transfer codes (Russell et al. 1999) .
During the ACE-Asia campaign, conducted in spring 2001 in Eastern Asia and Northwestern Pacific, a variety of airborne, shipborne and ground-based instruments operated, providing an 203 extensive set of data [special issue J. Geophys. Res. Vol. 108, No. 23, 2003 ]. Wang et al. (2002) compared the extinction spectra that follow from the aerosol size distributions measured in-situ aboard the CIRPAS (Bluth et al. 1996; Bane et al. 2004 ) Twin Otter aircraft with those derived from AATS-14 sunphotometer measurements aboard the same aircraft. They found that in the boundary and pollution layers, as well as in the freetropospheric layers without a significant amount of dust, discrepancies were within the estimated errors. In the dust layers, closure was not achieved, which was attributed to the nonsphericity of dust particles (and interpretation of the measurements of the Aerodynamic Particle Sizer associated with it) as well as horizontal inhomogeneity of these layers. Conversely, information about aerosol size distributions can be inverted from the measured extinction, and size distribution closure can be investigated by comparing to the measured size distribution. Such an aerosol size distribution closure study was performed for the earlier, ACE-2 campaign (Schmid et al. 2000) .
In this article, aerosol size distributions retrieved from measured optical thicknesses of distinct layers sampled during the ACE-Asia campaign are presented. Due to non-uniqueness of results of retrieval, two different retrieval methods were used for this purpose, and the corresponding results were inter-compared. The focus was on the same layers studied by Wang et al. (2002) for radiative closure, and comparison of results of the retrievals with in-situ measured size distributions was carried out. Results of calculation of aerosol optical properties from the retrieved size distributions, carried out for one of the vertical profiles studied here, are presented in a separate paper (Part II) (Kuzmanoski et al. 2006 ). This article also discusses comparison of optical properties resulting from retrieved and measured size distributions, as well as comparison of the modeled extinctionto-backscatter ratio profiles with that derived by Schmid et al. (2003) from combined airborne sunphotometer and shipborne lidar measurements.
MEASUREMENTS
Sunphotometer measurements of aerosol optical depth and in-situ size distribution measurements, used in this work, were performed aboard the Twin Otter aircraft. The optical depth measurements were taken using a 14-channel NASA Ames Airborne Tracking Sunphotometer (AATS-14) . It measures the directly transmitted solar beam at 14 discrete wavelengths in the range from 0.354 μm to 1.558 μm. The 0.940 μm channel was used for water vapor column retrieval, while the remaining 13 channels were used to derive aerosol optical depth, after corrections for Rayleigh scattering, gaseous absorption (O 3 , NO 2 , H 2 O, and O 2 -O 2 ) and diffuse light. Details about the cloud screening method, calibration, data analysis, and error estimates are given by Schmid et al. (2003) .
In-situ aerosol size distribution measurements were carried out using a combination of two instruments: a Differential Mobility Analyzer (DMA) System was used for measurements in the 7.5-500 nm particle radius range, while the 0.25-5 μm radius range was covered by an Aerodynamic Particle Sizer (APS) (Wang et al. 2002) . Two DMA systems were used for measurements aboard the Twin Otter aircraft: one of them measured the dry aerosol size distribution, while the other one measured at ambient relative humidity (RH). Wang et al. (2002) describe the measurement procedure, and the method used for integrating these measurements to obtain in-situ measured size distribution in the complete 7.5 nm to 5 μm size range. Hegg et al. (2005) performed tests of the transmission efficiency of the sampling inlet on the CIRPAS Twin Otter aircraft, at an aircraft sampling velocity of 50 m/s. They reported no significant efficiency loss in the particle size range 0.25-1.75 μm, a decrease in efficiency with increasing particle radius to 2.75 μm, and a value slightly greater than 60% at 2.75 μm and larger radii.
RETRIEVAL OF AEROSOL SIZE DISTRIBUTIONS
FROM OPTICAL THICKNESS MEASUREMENTS Optical thickness spectra carry information about the aerosol size distribution. Assuming that aerosols are homogeneous spheres, the equation that relates these two aerosol properties is:
where τ (λ) is the aerosol optical thickness, Q ext is Mie extinction efficiency, m is the aerosol refractive index, and n(r ) is the aerosol size distribution. Various methods that have been proposed for solving this equation include those in which an assumption about the analytical form of the size distribution to be retrieved is made (Wang et al. 1989; Yue et al. 1986; Brogniez and Lenoble 1988) , as well as methods that make no assumption about the size distribution shape (King et al. 1978; Box et al. 1992; Heintzenberg et al. 1981) . In this article, two retrieval methods were used: the constrained linear inversion, and the non-linear least squares methods. A brief overview of the methods is given in the following section.
Constrained Linear Inversion Method
The constrained linear inversion method for solving the Equation (1) was introduced by Twomey (1977) and developed by King et al. (1978) . In this approach (Equation [1] ) is discretized, and the size distribution function n(r) is represented by a product of two functions:
where h(r ) is an assumed, rapidly varying function. Incorporating h(r ) into the kernel function, the problem becomes one of finding the slowly varying function, f (r ), as a result of the 204 M. KUZMANOSKI ET AL.
following linear matrix equation:
where
Here, ε is an unknown error vector, due to measurement errors, as well as uncertainties due to the exact form of the kernel function. The problem is solved in a number of iterations. The initial guess of weighting function h(r ) is the Junge power law (Junge 1955) :
where the Junge exponent ν * is computed from the wavelength dependence of the aerosol optical depth, and the solution is found in the form:
Here, S ε is the measurement covariance matrix, γ is the Lagrange multiplier, and H is the second derivative smoothing matrix (King et al. 1982) . Choice of the Lagrange multiplier is discussed by King (1982) . In the next iteration step, the weighting function becomes
[6]
Non-Linear Least Squares Method
The nonlinear least squares algorithm was used by Wang et al. (1989 Wang et al. ( , 1996 for retrieving aerosol size distributions represented by modified gamma and unimodal and bimodal lognormal functions. They employed the modified Levenberg-Marquardt algorithm (More, 1977) , and tested the performance of this method on retrieving size distributions from simulated SAGE II and SAGE III measurements. This algorithm provides a solution, p, of the following constrained least squares problem:
Here, F is a column of residuals given by:
where τ i is the optical thickness measured at the wavelength λ i , Q ext (r , λ i ) is the Mie extinction efficiency, and n(r ; x) the aerosol size distribution. x is the set of parameters that defines the aerosol size distribution (function) to be retrieved. The corresponding Jacobian matrix, J , is calculated at x by the use of a forward difference approximation. D is a diagonal scaling matrix, and is the step bound. The application of the code starts with evaluating the residual column and the Jacobian matrix at the initial estimate of the solution parameters, x = x 0 . This is followed by calculation of the initial diagonal scaling matrix D 0 and step bound 0 and the Lagrange multiplier ε. The perturbation from the initial solution is estimated as:
In the next iteration step, x is replaced by x + p. The procedure is repeated until the desired level of agreement is reached.
Application of the Size Distribution
Retrieval Methods In this article, the two inversion methods described above were employed to derive aerosol layer size distributions from the aerosol layer optical thicknesses measured using the airborne sunphotometer.
The constrained linear inversion method was applied using the algorithm given by King et al. (1978) . The parameters whose values have to be defined prior to the application of the retrieval algorithm are the aerosol refractive index and the upper and lower radii limits. The refractive index is assumed to be constant (not dependent on wavelength or particle size). The sensitivity of the retrieval results to this assumption is investigated later (in Section 4.1.), using size-resolved refractive indices derived by Wang et al. (2002) , based on measured chemical composition. For given input parameter values, the result of the inversion is not unique; it depends on the initial estimate of the solution and the number of iterations in the retrieval. Contributions of particles of different sizes to the inverted optical thickness were examined for all retrieved size distributions, to ensure that for the given radii limits all particle sizes with significant contribution to the inverted property were taken into account.
The nonlinear least squares algorithm was implemented by the use of a modified Levenberg-Marquardt algorithm (More 1977) from the SLATEC mathematical library, coupled with a standard Mie code. The Mie code developed by M. Mishchenko (Mishchenko et al. 1999; De Rooij and Van Der Stap 1984) , and obtained from www.giss.nasa.gov/∼crmim, was used.
This retrieval algorithm was used to derive the parameters of the bimodal lognormal size distribution:
Each mode is defined with three parameters: N 0i is the total particle concentration, and r mi and σ i are the modal radius and width of the ith mode. Although three modes (nucleation, accumulation and coarse mode) were found to fit well the in-situ measured size distributions during the campaign (Conant et al. 2003) , only two modes were used here. The nucleation mode was disregarded, as it is not optically efficient in the sunphotometer wavelength range. The parameters of a bimodal lognormal size distribution were found by fitting the calculated to measured τ (λ i )/τ (0.525 μm), where λ i (i = 1, . . . , 13) are the sunphotometer wavelengths. Using this normalization, the number of parameters to be retrieved was reduced, since the relative concentration of the two modes was retrieved instead of their individual concentrations. Since the mode radius and width of a lognormal size distribution retrieved from the optical depth spectrum are interdependent (a larger width of the distribution produces smaller values of mode radius, and vice versa) (Yu et al. 2000; Cachorro et al. 2000) , the solutions in the present work were constrained by the widths of the in-situ measured size distributions. The values of these parameters for each layer studied here were found by fitting bimodal lognormal functions to the layer-averaged measured size distributions. Refractive index was used as an input parameter, together with the widths of the two size distribution modes. In the next step, the total particle number concentration, which provides the best fit of calculated optical thickness spectrum to the measured spectrum, was found.
RESULTS
During the Twin Otter's 19 flights as a part of the ACEAsia campaign, the aerosol layers were sampled in horizontal legs, as well as in vertical profiles. As noted previously, the focus of this work was on layers observed in the same vertical profiles investigated in the radiative closure study by Wang et al. (2002) . These are four Twin Otter vertical profiles in which two or three distinct layers were observed. Depending on particle composition, they classified the layers as boundary, pollution, and free tropospheric layers.
The optical thicknesses of the studied layers were calculated by subtracting optical depths measured at the bottom and the top of the layer. The uncertainties due to atmospheric horizontal inhomogeneity were estimated using the approach described by Redemann et al. (2003) . Aerosol layer optical thicknesses were inverted to obtain size distributions, using both the CLI and NLS methods. The same constant refractive index value of 1.50-0.001i was used in all retrievals. The effect of unknown refractive index used in the retrieval will be discussed later.
Three free tropospheric layers were affected by dust particles (Wang et al. 2002) . As noted by Sokolik et al. (2001) and Sokolik (2002, 2004) , nonsphericity of dust particles should be accounted for in calculations of their optical properties, in order to obtain reliable results. Since both retrieval methods used here are based on Mie theory, the accuracy of the results of size distribution retrievals in the dust layers depends on the extent to which the modeled optical thicknesses are affected by particle nonsphericity. A study by Mishchenko et al. (1997) , based on a model of a mixture of randomly oriented surface-equivalent prolate and oblate spheroids of different shapes, showed that the effect of particle nonsphericity on extinction is not significant. Assuming more representative dust particle shape models based on large number of dust particles collected in the atmosphere, Sokolik (2002, 2004) showed that a spherical model can significantly underpredict aerosol extinction (by ∼33% at 0.55 μm in some cases). As they considered volume-equivalent spherical and nonspherical particles, a large difference in extinction coefficients is a consequence of larger surface area of nonspherical particles. They obtained various spherical/nonspherical aerosol extinction differences for a range of realistic nonspherical models. This suggests that an estimate of the effect of particle nonsphericity on the retrieved size distribution would require information on particle shape (which could be obtained by individual particle analysis). This effect is not investigated here. However, it is noteworthy that the retrieved size distributions (using an assumption of spherical particles) can be used for calculating aerosol optical properties important for estimating their radiative effects (single scattering albedo and asymmetry parameter). Mishchenko et al. (1997) showed that a model of surface-equivalent spherical particles could accurately estimate these aerosol properties.
Results of the Two Retrieval Methods
The major difference between the two retrieval methods used in this work is that the constrained linear inversion (CLI) method does not impose any constraints on the analytical form of the distribution to be retrieved, whereas the nonlinear least squares (NLS) method was used to derive parameters of a bimodal lognormal size distribution (with modal widths fixed by in-situ measurements). Comparison of results of the two retrieval methods, carried out for all the layers studied here, showed that there is a radius range (with the lower limit at ∼0.1 μm, and the upper limit between ∼1.2 μm and 2 μm) in which a fairly good agreement between the results of the two retrieval methods was achieved. Figure 1 shows that this is approximately the radius range in FIG. 1 . Dependence of the ratio of extinction efficiencies at the smallest and the largest wavelengths of the AATS-14 measurements on particle size. Vertical dotted lines indicate the radius range of retrievable particle size distributions, according to the ratio criterion by Heintzenberg et al. (1981) . which, according to Heintzenberg et al.'s (1981) ratio criterion, meaningful solutions can be obtained from the measured optical thickness spectra. This criterion suggests that optical thickness spectra carry retrievable information on particle size distribution in the range of particle radii in which the ratio of kernel functions (or extinction efficiencies in this case) at the smallest and the largest wavelengths of the measurements varies with particle size. Outside this radius interval the differences between the two retrieval methods become large. In layers with significant fine particle mode, CLI method overestimates the particle concentration at radii smaller than ∼ 0.1 μm, as a result of the assumption (used in the retrieval algorithm) that the particle concentration is zero beyond the radius range of retrievals.
As an example, comparisons for the layers observed in the April 17 profile are presented in Figure 2 . The error bars in the retrieved size distributions are due to optical thickness uncertainties. They are omitted in the case of the boundary layer of the April 17 profile, since they are larger than the retrieved particle concentrations at all particle sizes in the range of retrieval, due to large uncertainties in the measured optical thickness. In all studied layers, the estimated size distribution uncertainties are large outside the radius range of retrievable size distributions, given in Figure 1 . However, as pointed out by Russell et al. (1999) , these errors do not represent all possible size distribution results.
Refractive index generally varies with particle radius due to the different chemical composition of particles of different sizes; this affects aerosol extinction spectra (Gillespie et al. 1978) , and consequently the retrieved aerosol size distribution. While the CLI code used here was set up to perform retrievals under the assumption of a constant refractive index, the NLS algorithm can perform retrievals for a size-resolved refractive index. We therefore used the NLS retrieval method to carry out comparison between the size distributions retrieved using a size-resolved, and different constant values of refractive index.
The size-resolved refractive indices calculated by Wang et al. (2002) for the three distinct layers of the April 17 vertical profile were used. In the boundary layer, the refractive index did not show significant variability with particle size; the refractive index was real, and its value varied from 1.53-1.54 in the radius range 0.01-4. and 4, the variability was significantly larger in the pollution and free tropospheric layers. The presence of elemental carbon and dust in the pollution layer, and dust in the free tropospheric layer (Wang et al. 2002) , led to a non-zero imaginary part of the refractive index in these layers. Figures 3 and 4 show comparisons of size distributions obtained using a size-resolved refractive index calculated by Wang et al. (2002) , and different constant refractive indices selected from a range of values at different radii. As seen from these results, an assumption of a constant refractive index causes a shift of the size distribution, compared to the result of retrieval in which a size-resolved refractive index was used, while the shape of the distribution (determined by the relative contribution of fine and coarse particle modes) is maintained. If a constant refractive index of the particles that contribute significantly to extinction in the given wavelength range is assumed in the retrieval, the resulting size distribution is in agreement with the one obtained from an assumption of a size-dependent refractive index. This is more clearly seen in the case of the pollution layer, due to larger variability of the refractive index with particle size. The largest shift of the retrieved size distribution occurs when the refractive index of large particles, outside the range of retrievable size distribution, is used. However, the size distribution retrieved assuming the refractive index value of 1.50-0.02i (within the 208 M. KUZMANOSKI ET AL.
FIG. 5. Boundary layers: (left panels)
Layer optical thickness spectra (measured, calculated from retrieved size distribution (CLI) and calculated from in-situ measured size distribution averaged over the layer (IS)); α m and α I S are theÅngström exponents for the measured optical thickness spectra, and those calculated from the in-situ measured size distributions, respectively; (right panels) Retrieved and measured size distributions. range of retrievable size distributions) is in agreement with that retrieved using the size-resolved refractive index. As seen in the bottom panel of Figure 3 , an unknown imaginary part of the refractive index mainly affects the particle concentration, in agreement with results by King et al. (1978) and Gonzalez Jorge and Ogren (1996).
Comparison of Retrieved and In-Situ Measured
Size Distributions Since the distributions obtained as a result of the NLS algorithm were required to have the same modal widths as those measured in-situ, the NLS and in-situ results are not independent. Therefore, comparison of the NLS results with the measured size distributions was not studied. Comparisons of the size distributions retrieved using the constrained linear inversion method with those measured in-situ are presented in Figures 5-7 . All size distributions were retrieved using the same constant refractive index m = 1.50-0.001i. King et al. (1978) and Gonzalez Jorge and Ogren (1996) noted that the uncertainties in retrieval using the CLI method due to unknown refractive index were not critical. They found that a wrong assumption of the refractive index value results in a small shift of the size distribution, whereas the distribution shape is not changed.
For the purpose of comparison, the in-situ measured size distributions were averaged within each of the studied layers. The retrieved size distributions are representative of a layer vertical column, whereas those measured in-situ represent distributions at a given altitude. Therefore, the retrieved size distributions were renormalized for these comparisons by dividing total number concentration by the layer thickness. Figures 5-7 also show the corresponding extinction spectra. The average extinctions that follow from the in-situ measured size distributions in the same layers were calculated previously by Wang et al. (2002) , for comparison with the sunphotometer measurements. They used a size-resolved refractive index for this purpose. For better understanding of the size distribution comparisons, these calculations were repeated in the present work, using the same constant refractive index that was used for the size distribution retrievals. The error bars in these extinction coefficients are due to uncertainties in the measured size distributions. To translate the measured layer optical thickness of each layer into extinction, it was also divided by the layer geometrical thickness.
Both the retrieved and in-situ measured size distributions in the boundary and pollution layers (Figures 5 and 6 ) exhibited a dominant fine particle mode (particle radii smaller than ∼0.4 μm). However, the contribution of large particles to the optical thickness spectra is considerable in all layers studied here, as indicated byÅngström exponent (defined below) values given in Figures 5-7 , for the sunphotometer-measured optical thickness spectra and those calculated from the insitu measured size distributions. Comparison of retrieved and in-situ measured size distributions in these layers show that, while there are discrepancies consistent with disagreements between the corresponding extinction spectra, the shape of the size distribution is well reproduced in most cases. The size distributions in Figures 5-7 are presented on a log-log scale, in order to show coarse mode particle surface concentration more clearly.
We use theÅngström exponent α (Ångström 1929) to describe the wavelength dependence of aerosol optical thickness. It is obtained from a linear least-squares fit of optical thickness spectra to the formula:
where β is the turbidity coefficient. While a second order polynomial describes more accurately the ln τ versus ln λ relationship (King and Byrne 1976; Eck et al. 1999; Schmid et al. 2003) , most discrepancies between the measured and retrieved size distributions in this work can be explained by comparison of the Angström exponent values for the corresponding optical thickness spectra. We carried out a sensitivity analysis to examine to what degree the CLI method can be expected to resolve the aerosol size distribution. For that purpose, bimodal lognormal aerosol size distributions, with the parameters given in Table 1 , were used to generate aerosol optical thickness spectra in the AATS-14 wavelength range. The concentrations of the two modes were adjusted to yield an aerosol optical thickness τ (0.5 μm) = 1, with wavelength dependencies given byÅngström exponent values (α) of ∼ 0.5 and 1.1, in the AATS-14 wavelength range. The cases of dominant coarse mode (α ∼ 0.1) will be discussed later in this section. We used four different size distributions to generate similar optical thickness spectra (similarÅngström exponents). Inversion of these optical thickness spectra resulted in size distributions which exhibited generally good agreement with the original size distributions in the ∼0.08-2 μm, as shown in Figure 8 . The size distribution retrievals were more successful in cases with a larger contribution of the coarse mode to the wavelength dependence of optical thickness (α ∼ 0.5), particularly for the cases with the coarse mode at smaller radii. In the cases with dominant fine mode (α ∼ 1.1), the coarse mode was not well resolved: the retrieved surface area in this mode was smaller than that in the original size distribution, while the minimum between the two modes was higher. Gonzalez Jorge and Ogren (1996) reported a similar result and explained it by the retrieval algorithm retrieving the fine mode first, while the coarse mode is included to get closer agreement between measured and calculated extinction spectra. The optical thickness spectra with α ∼ 0.5 which correspond to size distributions with considerably different shapes as a result of differences in the coarse mode (top two panels in Figure 8 ) exhibit relative differences larger than the uncertainties in measured optical thicknesses with similar wavelength dependencies (pollution layers of April 14 and April 17). In cases of largerÅngström exponent (α ∼ 1.1), the relative differences are smaller, due to smaller contribution of large particles to optical thickness. Inversion of generated optical thickness spectra performed using the NLS retrieval method resulted in size distributions in excellent agreement with the original distributions. Variation of the widths of the size distribution lognormal modes (used as an input in the retrieval algorithm) by ±0.5 caused small variations in resulting particle surface area in the radius range between ∼0.1 and 1.6 μm. The variations were significant outside this range.
An example of the agreement between the shapes of the retrieved and measured size distributions is the case of the boundary layer of April 23 ( Figure 5 ). Larger differences at the ends of the radius interval of the retrieval are not reflected in the wavelength dependence of the extinction. Discrepancies between the corresponding extinctions could be the result of lower resolution of the size distribution measurements. Differences between the retrieved and measured size distributions that appear in the boundary layer of April 17, are in accord with the differences in extinction spectra derived from the in-situ measurements and those measured using the sunphotometer. Wang et al. (2002) explained these differences in extinction spectra by horizontal inhomogeneity of the observed layer, which affected the sunphotometer measurements, and supported this assumption by comparison of extinctions derived from the measured size distributions with the lidar-derived extinction. Significant discrepancies between the retrieved and measured size distributions in the free tropospheric layer of the April 14 profile can also be explained by layer horizontal inhomogeneity (Wang et al. 2002) .
Two free tropospheric layers (April 14 and April 17) studied here were reported to contain a significant amount of dust in the coarse particle mode (Wang et al. 2002) . The retrieved and measured size distributions exhibit differences in these layers, and the corresponding extinction spectra deviate from each other. Wang et al. (2002) indicated that counting statistics of the size distribution measurements and accuracy of interpretation of the Aerodynamic Particle Sizer measurements (due to particle nonsphericity) were some of the possible causes of these discrepancies. Huebert et al. (2003) reported that APS undersized or undercounted particles in the dust layers during the ACE-Asia campaign, probably due to particle nonsphericity. Additionally, nonsphericity of dust particles was not taken into account in size distribution retrievals in this work, as noted earlier. Layer horizontal inhomogeneity, mentioned above, is probably responsible for larger discrepancies in the dust layer of April 14. It should be noted that particles larger than the size range of APS measurements could also explain the difference between the optical thicknesses obtained from sunphotometer measurements and calculated from measured size distribution in two dust layers. An increase in the concentration of large particles leads to an increase in optical thickness, not affecting its wavelength dependence. However, in the case of size distributions in which the coarse mode is not a dominant contributor to optical thickness in the AATS-14 wavelength range (Ångström exponent larger than ∼0.5), an increase in the amount of aerosol in the r p > 1.5 μm size range (r p is particle radius) results not only in an increase in optical thickness, but also a change in its wavelength dependence. We also performed size distribution retrievals from generated optical thickness spectra with weak wavelength dependence (α between 0.1 and 0.2). In these cases, in which the contribution of the coarse mode to optical thickness spectra was dominant, the coarse mode was retrieved better if radii below ∼0.1 were not included in the radius range of retrieval. The fine mode was, however, not reproduced successfully.
In addition to those size distributions in agreement with the DMA/APS measurements, it was of interest to consider distributions with their coarse mode at larger radii for generating optical thickness spectra with weak wavelength dependencies for our sensitivity analysis. The presence of larger particles in the dust layers during ACE-Asia is supported by results presented by Moore et al. (2004) . They reported surface area size distributions with coarse mode centered at 2.5 μm particle radius, and significant particle concentration at 5 μm, obtained from measurements using airborne Forward Scattering Spectrometer Probes (FSSP) as a part of ACE-Asia and TRACE-P campaigns. FSSPs were mounted on aircraft wings and were not affected by inlet losses: they measured size distributions under ambient conditions. The bottom panel in Figure 8 shows an example of results of the sensitivity analysis performed for the cases in which the coarse mode is the dominant contributor to the aerosol optical thickness (α ∼ 0.1). The two size distributions presented differ in the position of the coarse mode (the modal radii are 1.0 and 2.5 μm), while the remaining size distribution parameters (given in Table 1 ) are the same. Both size distributions are scaled to yield τ (0.5 μm) = 1.0. The relative contribution of the coarse mode to the total aerosol optical thickness in the two cases is similar: 70-100% in the AATS-14 wavelength range. The coarse   TABLE 2 Effective radii (in μm) for the retrieved size distributions (using both the CLI and NLS methods) and those measured in-situ. Percentages given in parentheses are the relative differences between the in-situ derived and the retrieved values modes of both size distributions are retrieved more successfully if particles of sizes below 0.08 μm are not included in the radius range of retrieval. The particles with r p > 1.5 μm contribute significantly to aerosol optical thickness in the two cases presented: approximately 20-30% in the case of coarse mode at 1 μm, and 50-70% in the case of coarse mode at 2.5 μm. As discussed earlier, according to the criterion by Heintzenberg et al. (1981) , aerosol optical thickness spectra measured using AATS-14 contain retrievable information on particle size distribution in the 0.05-1.5 μm radius range (Figure 1 ): at r p > 1.5 μm, particles of certain size can be replaced by a number of particles of different size without noticeably affecting the optical thickness spectrum. As a result, the coarse mode of the size distribution is not well resolved. The retrieval of the coarse mode is, however, more successful in the case in which this mode is centered at a radius within the size range of retrievable size distribution. The overestimation of particle surface area at the large end of the radius range of retrieval is less significant in this case. Furthermore, the contribution of the particles beyond the radius range of retrieval in this paper (r p > 5 μm) is not insignificant in the case of a coarse mode radius of 2.5 μm: 11-14% for the case shown in Figure 8 . The extension of the radius range of retrieval to larger particle sizes results in an unstable solution because of the larger size interval with no retrievable information on aerosol size distribution.
Effective Radius
Due to similar shapes of retrieved and in-situ measured size distributions, it was of interest to compare the corresponding effective radii. Effective radius is of interest in studies of aerosol radiative forcing (Tegen and Lacis 1996) , and is defined as:
where S and V are total particle surface area and volume concentration, and M k is a kth moment of the size distribution, defined as:
In the case of a lognormal size distribution, the moments become (Lenoble and Brogniez 1984) :
which leads to the following formula for effective radius:
[15]
The effective radii calculated from retrieved and measured aerosol size distributions for all the layers studied here are given in Table 2 . The results show that the two retrieval methods yield generally different particle effective radii. However, these differences mainly occurred due to differences in size distributions at radii where no retrievable information on size distribution is contained in the optical thickness measurements.
In the boundary and pollution layers, effective radii obtained from the CLI retrieval method are generally in agreement with those obtained from in-situ measured size distributions within the same layers, in accord with close size distribution shapes in most cases. Overestimated total surface area and volume resulting from this retrieval method (mainly due to large concentrations at the ends of the retrieved size distributions) cancel out to a large extent when calculating the effective radius. In the dust layers, however, the CLI method overestimates effective radius: this is due to its inability to resolve the fine particle mode, since this mode is not a dominant contributor to the wavelength dependence of the measured optical thickness (as suggested by their smallÅngström exponent). Note that in the case of the free tropospheric layers of April 19 and April 23, comparison between the effective radii obtained from CLI-retrieved and measured size distributions is not consistent with the comparison of the correspondingÅngström exponent values. These layers are optically thin, which resulted in significant uncertainties in retrieved size distributions.
Discrepancies between the effective radii derived from retrieved and measured size distributions in some cases are partly due to unknown refractive index. Although uncertainty in the refractive index does not have a significant effect on the shape of the retrieved size distribution, it affects the integrated properties, and therefore the effective radius. Gonzalez Jorge and Ogren (1996) reported an average error of 2-9% in the effective radius, as a result of uncertainty in refractive index, assuming that the true particle refractive index is constant. According to their results, this error becomes larger if the true particle refractive index varies with size.
CONCLUSION
Aerosol size distributions were retrieved from layer optical thickness spectra, measured in the wavelength range 0.354-1.558 μm, using the airborne NASA AATS-14 sunphotometer, during the ACE-Asia campaign. Two retrieval methods employed for this purpose used different assumptions: the constrained linear inversion method used a second derivative smoothness constraint and no assumption about the shape of the size distribution to be retrieved; the non-linear least squares algorithm was shape-constrained and was used for retrieval of parameters of a bimodal lognormal size distribution. Intercomparison of the two retrieval methods, carried out for distinct layers observed in four vertical profiles, showed agreement in the radius interval from ∼0.1 μm to ∼(1.2-2 μm), which was found to be close to the resolvable radius range in the wavelength range of the optical thickness measurements.
However, discrepancies were large outside this interval, due to lack of information on particles of these radii in the measured optical thickness. Consequently, the effective radii resulting from the two retrieval methods exhibited differences in most cases.
Retrieved aerosol size distributions were compared with the corresponding in-situ measured distributions averaged within each of the studied layers. The shapes of the retrieved size distributions were generally in agreement with those measured in-situ, in the boundary and pollution layers, dominated by small particles. This is consistent with the close wavelength dependencies of the corresponding extinctions. Consequently, the corresponding effective radii showed fairly good agreement. However, the agreement was not achieved in the dust layers, partly due to the inability of the constrained linear inversion method to resolve the fine particle mode in these layers. In addition, particle nonsphericity was not accounted for in the retrieval, and it is not clear what effect it would have on the results. Moreover, Wang et al. (2002) noted that in-situ measured size distributions were affected by particle nonsphericity, since interpretation of APS measurements depends on particle shape. The large discrepancy between the optical thicknesses derived from the sunphotometer measurements and from the measured size distribution in two dust layers studied can be explained by particles larger than the size range of APS measurements.
Comparison of size distributions retrieved using a sizeresolved refractive index (based on particle chemical composition), and different constant refractive index values, was carried out for two layers. These comparisons show that a constant refractive index, pertaining to particle sizes within the interval of retrievable size distributions, yields a size distribution which is in agreement with the one retrieved using a size-resolved refractive index.
